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Struture and Aggregation of a Helix-Forming Polymer
James E. Magee, Zhankai Song, Robin A. Curtis, and Leo Lue
Shool of Chemial Engineering and Analytial Siene, The University of Manhester,
PO Box 88, Sakville Street, Manhester, M60 1QD, United Kingdom
We have studied the ompetition between helix formation and aggregation for a simple polymer
model. We present simulation results for a system of two suh polymers, examining the potential
of mean fore, the balane between inter and intramoleular interations, and the promotion or
disruption of seondary struture brought on by the proximity of the two moleules. In partiular, we
demonstrate that proximity between two suh moleules an stabilize seondary struture. However,
for this model, observed seondary struture is not stable enough to prevent ollapse of the system
into an unstrutured globule.
I. INTRODUCTION
Aggregation of partially folded proteins is a problem in many bio-related elds. In bioproessing operations,
mehanial and/or environmental stresses lead to protein unfolding whih may result in irreversible aggregation and
loss of protein ativity.
1
Another problem in bioproessing is the reovery of partially-folded reombinant proteins,
produed in densely paked inlusion bodies. Reovery of these proteins requires dissolving the bodies in denaturant
and then slowly diluting the solution, minimizing unwanted aggregation suh that the protein folds to the native
state. Finally, protein aggregation has been impliated in the origin of amyloid brils, whih have been linked to
many dierent diseases.
2,3,4
Understanding the proess of aggregation, and determining the onditions under whih
it will take plae, is therefore a matter of some importane.
The ompetition between protein folding and protein aggregation is believed to be determined by the balane of
inter and intramoleular fores. Protein folds are stabilized by strong intramoleular interations between hydrophobi
and hydrogen bonding groups in the protein interior. Aggregation of folded proteins is of neessity weak, mediated
by interations between heavily solvated harged and polar surfae groups. However, at high temperatures, or upon
addition of denaturant, the fold beomes less stable. This strutural disruption auses hydrogen bonding and hy-
drophobi groups to beome exposed, providing stiky sites for aggregation. The resulting ompetition between
struture formation and aggregation may hold the key to understanding the proess of aggregation.
The details of this proess are diult to experimentally resolve, sine partially folded intermediates have very
low solubilities. As suh, omputational approahes are extremely useful. Detailed, all-atom models have been used
to study the proess of aggregation.
5,6,7,8,9
However, suh models are omputationally intensive, and details of the
fore eld used an loud underlying behavior. Simple redued models that an produe protein-like seondary
struture
10,11,12,13,14,15,16,17,18
are therefore useful as a parallel approah to the problem.
In a previous paper,
19
we proposed an isotropi polymer model whih an form helial seondary struture. This
model onsists of a hain of overlapping spherial beads, and is related to the well-studied tangent-sphere square-well
polymer hain model. Low temperature transitions to rystalline ordered states have been observed for tangent
sphere polymers
20,21,22
Further, interations between pairs of tangent-sphere polymers are well studied.
23
In this paper, we extend the study of the overlapping bead model by examining the behavior of isolated pairs of
suh polymers. In partiular, we examine how the formation of helial struture aets the interations between the
two moleules and inuenes the struture of the resulting omplex. The remainder of this paper is organized as
follows. In setion II, we desribe the simulation methodology and the partiulars of the model. In setion III, we
present the results from the simulations, and in setion IV, we present our onlusions.
II. SIMULATION DETAILS
The polymer model we onsider onsists of a linear hain of N impenetrable spheres of diameter σ. The distane
between bonded spheres is restrited to vary between 0.9l and 1.1l, where l is the nominal bond length. Diretly
bonded spheres may overlap (i.e., σ > l), although non-bonded spheres may not. In addition to exluded volume
interations, the spheres also interat via a square-well potential. The interation potential u(r) between the spheres
is given by:
u(r) =


∞ for r < σ
−ǫ for σ < r < λσ
0 for λσ < r
(1)
2Table I: Temperatures used in simulations.
Box βǫ kBT/ǫ Box βǫ kBT/ǫ
1 0.18014 5.55112 11 1.53610 0.65100
2 0.22518 4.44089 12 1.76056 0.56800
3 0.28147 3.55271 13 2.01207 0.49700
4 0.35184 2.84217 14 2.29885 0.43500
5 0.43980 2.27374 15 2.62467 0.38100
6 0.54976 1.81899 16 3.00300 0.33300
7 0.68719 1.45519 17 3.43643 0.29100
8 0.85899 1.16415 18 3.92157 0.25500
9 1.07374 0.93132 19 4.50450 0.22200
10 1.34218 0.74506 20 5.12821 0.19500
where r is the distane between the enters of the spheres, ǫ is the strength of the square-well interation, and λ
haraterizes the width of the square-well interation. In this work, λ = 1.5. Sine this potential is pairwise, the
interation energy of a system of polymers an be deomposed into an intramoleular energy Eintra (interations
between monomers on the same moleule) and an intermoleular energy Einter (interations between monomers on
dierent moleules). At σ/l = 1.0, the model redues to the traditional tangent sphere polymer model; interations
between pairs of suh polymers has been studied extensively elsewhere.
23,24,25,26,27
For larger values of σ/l, we have
observed helix formation,
19
despite the isotropi, ahiral nature of the model. While the preise mehanism of helix
formation for this model remains unlear, it has been suggested that helies are in fat the optimal paking struture
for any string-like objet,
28
in the same fashion that optimal paking of spheres yields hexagonal or ubi lose-paked
periodi latties.
Monte Carlo simulations were performed for a pair of N = 20 (20mer) square-well moleules with σ/l = 1.3, 1.6, and
1.9. Pivot, rank-shaft, and sphere displaement moves were used to sample the individual polymer onformations.
Overall translation and rotation moves of the polymers were performed to sample the relative positions and orientations
of the polymers. Umbrella sampling of the polymer separation was performed with a potential of the form
U(r) = a(r − b)2 (2)
where r is the enter of mass separation between the polymers, and the parameter a = 40kBT was used to sample
intervals in polymer enter of mass separation. The parameter b was varied from a value of 0 to 25l. The values of b
were initially distributed evenly in units of l, and extra values were added wherever insuient overlap in r histograms
was observed. For eah umbrella potential, parallel tempering in temperature was used to enhane equilibration of
the low temperature systems. The temperatures used in the simulations are given in Table I . For eah umbrella
potential, the multiple histogram method was used to ombine simulation data at dierent temperatures.
Eah prodution simulation run onsisted of a total of 106 parallel tempering (box swap) moves. Between eah of
these attempted moves, 80 pivot, rank-shaft, and sphere displaement moves were attempted, as well as 80 moleular
translation and rotation moves. Samples of the system onguration were taken after every 103 attempted parallel
tempering moves. For eah set of onditions, an equilibration run of 105 attempted parallel tempering moves was
performed, followed by 10 prodution runs. The reported results are averages over the prodution runs, and the
unertainties were estimated by the jakknife method.
We are partiularly interested in the inuene of intermoleular interations on the helial struture whih has been
observed for this model in isolation.
19
As suh, strutures are haraterized through the torsion τ . For a ontinuous
spae urve R(s), the torsion is dened as:
τ(s) =
(R′(s)×R′′(s)) ·R′′′(s)
|R′(s)×R′′(s)|
2 (3)
where primes denote derivatives with respet to s. For the polymer hain, the required derivatives are alulated
3using a entral dierene approximation:
R
′
i =
1
2
(Ri+1 −Ri−1)
R
′′
i = Ri+1 − 2Ri +Ri−1
R
′′′
i =
1
2
(Ri+2 − 2 (Ri+1 −Ri−1)−Ri−2) (4)
where Ri is the vetor position of monomer i. An instantaneous moleular onformation is haraterized by the
ongurational average torsion τ¯ , given by:
τ¯ =
N−2∑
i=3
τi/ (N − 4) (5)
where τi is the torsion at monomer i, dened on i ∈ [3, N − 2], and the bar denotes an instantaneous ongurational
average. Chiral (torsional) symmetry breaking is used to detet helix struture formation; helix formation is assoiated
with a probability distribution p (τ¯ ) whih is bimodal, symmetri, and with p (τ¯ = 0) ≈ 0. Combined with observation
of helial snapshot ongurations, this provides strong evidene for heliity. Strutures are also haraterized by the
absolute of the mode of p (τ¯ ), denoted τ¯max.
It is also instrutive to onsider statistial orrelations between properties of the moleules. The orrelation between
observables A and B is given by:
cor (A,B) =
(〈AB〉 − 〈A〉 〈B〉)2(
〈A2〉 − 〈A〉
2
)(
〈B2〉 − 〈B〉
2
)
(6)
where angle brakets denote ensemble averaging. A orrelation of zero indiates that the two variables are om-
pletely unorrelated, while a orrelation of one indiates perfet linear orrelation. We measure orrelations between
the intramoleular energies of the individual moleules cor
(
E
(1)
intra, E
(2)
intra
)
, the torsions of the individual moleules
cor (τ¯1, τ¯2), and the orientations of the end-to-end bond vetors,
〈∣∣ˆre(1) · rˆe(2)∣∣〉. The last quantity should take a value
of one if the end-to-end vetors of the moleules are aligned, zero if the end-to-end vetors are perpendiular, and a
half if the orientations are unorrelated. The absolute value of the dot produt is taken beause the moleules have no
diretionality; antiparallel orientations are equivalent to parallel orientations. For unstrutured globules, we expet
this quantity to be one half (sine the end-to-end vetor should be randomly oriented), whereas for helial strutures,
the end-to-end vetors are a reasonable approximation for the helial axes, and the dot produt provides a measure
of the orientational orrelation of the helies.
The pair potential of mean fore (PMF) ψ(r) is estimated from the observed histograms h(r) of separation between
moleules. For a given simulation, this is given by:
ψ(r) = −kBT ln
(
h(r)/r2
)
− U(r) + C (7)
where kB is the Boltzmann onstant and C is an unknown energy oset, arising from the inomplete normalization
of probability histograms from simulation. The U(r) term removes the bias introdued by the umbrella potentials.
Sine solvent is impliit, ψ(r) = 0 at separations for whih the polymers an have no diret interation (i.e.. r/l >
(N − 1) + λσ/l). For simulations sampling these large values of r, it is possible to x C by this riterion. Results
for neighboring umbrellas are then pathed together by nding values for C whih minimize the total statistial
unertainty in the ombined results.
The last quantity of interest is the seond virial oeient B2, whih may be alulated from the PMF via:
B2 = 2π
∫
(1− exp (−βψ(r))) r2dr (8)
Positive values for B2 indiate an overall repulsive fore ating between the moleules; negative values indiate an
overall attrative fore.
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Figure 1: Single moleule phase diagram.
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Figure 2: Contour plots of the estimated probability distributions p (τ¯ ; r) for σ/l = 1.6 at (a) kBT/ǫ = 0.255, (b) kBT/ǫ = 0.435,
() kBT/ǫ = 0.651, and (d) kBT/ǫ = 1.164.
III. RESULTS AND DISCUSSION
In previous work,
19
we have studied this polymer model for isolated 20mers, down to a temperature of kBT/ǫ = 0.2.
It was found that, at suiently low temperatures, these polymers may form helial strutures, depending upon the
value for σ/l. Further, two separate helial phases were observed over the range 1.475 ≤ σ/l ≤ 1.66. For referene,
the phase diagram of the single polymer system is reprodued in Fig. 1. In this work, we study the behavior of an
isolated pair of polymer moleules with σ/l = 1.3, 1.6 and 1.9.
A. σ/l = 1.6
We begin with a desription of the results for the σ/l = 1.6 system, whih best demonstrates behaviors whih
also our in the σ/l = 1.3 and σ/l = 1.9 systems. Results are presented aross a range of separations at four
representative temperatures; kBT/ǫ = 0.255, for whih isolated polymers are in the helix 2 phase, kBT/ǫ = 0.435, for
whih isolated polymers are in the helix 1 phase, kBT/ǫ = 0.651, just above the helix 1-globule transition temperature,
and kBT/ǫ = 1.164, at whih the polymer is well into the globule phase.
In order to illustrate the strutural behavior of the interating moleules, ontour plots of p (τ¯ ; r) against r are
displayed in Fig. 2. The thermodynami behavior is shown in Fig. 3. The potential of mean fore is given in Fig. 3(a),
the mean intramoleular interation energy 〈Eintra〉 is given in Fig. 3(b), and the variation of the intermoleular
interation energy 〈Einter〉 is given in Fig. 3(). The orrelations between the intramoleular energies cor (E1, E2),
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Figure 3: Variation of thermodynami properties with moleular separation for σ/l = 1.6: (a) potential of mean fore, (b)
intramoleular interation energy, and () intermoleular interation energy. Solid lines denote kBT/ǫ = 0.255, dotted lines
denote kBT/ǫ = 0.435, dashed lines denote kBT/ǫ = 0.651, and dot-dashed lines denote kBT/ǫ = 1.164. Inset: Root mean
square radius of gyration rg/l for kBT/ǫ = 0.255. Errors are less than symbol size. Equivalent data at higher temperatures are
indistinguishable at this sale.
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Figure 4: Intermoleular orrelations for σ/l = 1.6 between: (a) intramoleular energies, (b) onformational torsions, and
() end-to-end bond vetors. Solid lines denote kBT/ǫ = 0.255, dotted lines denote kBT/ǫ = 0.435, dashed lines denote
kBT/ǫ = 0.651, and dot-dashed lines denote kBT/ǫ = 1.164.
the mean torsions cor (τ¯1, τ¯2), and the orientation of the end-to-end distane vetors
〈
re(1) · re(2)
〉
, for the moleules
are shown in Fig. 4.
The lowest representative temperature (kBT/ǫ = 0.255) is less than the helix 1-helix 2 transition temperature, and
the results are typial of this region. In Fig. 2(a), it an be seen that at separations r/l & 7.5, p(τ¯ ; r) is independent of
r, bimodal and approximately zero at τ¯ = 0. In Fig. 3 (solid line), it an be seen that, at these large separations, ψ(r)
and 〈Einter〉 are approximately zero, and 〈Eintra〉 appears r-independent. Finally, as shown in Fig. 4 (solid line), all
three measured orrelators are approximately zero for large separations. This behavior indiates that, for r/l & 7.5,
the two moleules do not signiantly interat with eah other, existing independently in the helix 2 state. There is
a weak interation, sine observed 〈Einter〉 is non-zero, with magnitude greater than observed error, for r/l . 8.5;
however, these interations do not appear strong enough to signiantly perturb the isolated equilibrium state.
The interations between the moleules begin to perturb their individual strutures at r/l ≈ 7.5. In the range
4 . r/l . 7.5, p (τ¯ ; r) remains bimodal, however, the positions of the peaks, ±τ¯max depend upon separation. As
shown in Fig. 3, over the same range, ψ(r) and 〈Einter〉 are monotonially inreasing funtions of r, while 〈Eintra〉
remains approximately onstant. Further, the torsions and end-to-end vetors of the moleules beome strongly
orrelated in this region, while intramoleular energies remain unorrelated (see Fig. 4).
The bimodality of the torsion distributions, as well as the approximately onstant value for the intramoleular
energies, indiates that the moleules maintain helial ongurations within this range. A snapshot onguration of
two helial moleules taken at this temperature is presented in Fig. 5(a). The observed orrelations show that the
helies have a strong preferene to take on the same handedness, and lie end-to-end along the same axis.
6(a) (b)
Figure 5: Snapshot onguration for (a) σ/l = 1.6, kBT/ǫ = 0.255, umbrella potential entered at b/l = 5, and (b) σ/l = 1.6,
kBT/ǫ = 0.651, umbrella potential entered at b/l = 5.6.
The average end-to-end distane for the unperturbed polymer at this temperature
19
is re/l ≈ 5; two ompletely
rigid average helies would only begin to interat at r/l = 5.5. For two helies to interat at r/l = 7.5, they must
have re/l > 7, whih orresponds to an extension of at least 27%. The interations between the moleules appear to
streth the moleules, relative to their isolated equilibria.
The strething eet weakens upon loser approah between the moleules; at separations 4 . r/l . 5, τ¯max
approximately returns to its value at large separation. Further,
〈
|re(1) · re(2)|
〉
dereases to approximately 0.5 at
separations in this range, indiating that the two moleules are less likely to align. For an isolated moleule at this
temperature, re/l ≈ 5; for two aligned average helies, there would be a longitudinal ompression at separations
loser than this. As suh, the strething fore is eliminated, and in order to remain helial, the helial axes must
lose some orientational orrelation upon further approah. Note that the torsion orrelator remains high aross this
region. In the range 4 . r/l . 7.5, the intramoleular energies of the two moleules are unorrelated.
One the two moleules approah loser than r/l ≈ 4, p (τ¯ ; r) beomes unimodal (see Fig. 2); that is, the strutures
beome ahiral, and heliity is lost. This behavior is marked by a small disontinuity in total energy (data not shown)
at r/l = 4.15 and a sudden loss of torsional orrelations between the moleules. For 2.5 . r/l . 4, ψ(r) and 〈Einter〉
inrease monotonially with r, 〈Eintra〉 remains approximately onstant, and no signiant orrelation exists between
the intramoleular energies. The intermoleular interations in this range are strong enough to fully disrupt the helial
strutures, ausing both moleules to adopt individual unstrutured globule ongurations. We suggest that the lak
of intramoleular energy orrelations and the approximately onstant intramoleular energy indiate that, at these
separations, the omplex onsists of two globules with only limited interpenetration. The steady derease in 〈Einter〉
with dereasing r suggests that the two globules deform upon approah to give a larger ontating interfae.
At r/l = 2.5, however, there is a large disontinuity in 〈Einter〉 and in 〈Eintra〉. Further, the slope of 〈Eintra〉 versus
separation hanges at this separation; for r/l > 2.5, the average intramoleular energy is approximately onstant
(with respet to r), however, for r/l < 2.5, it is a dereasing funtion of r. For r < 2.5, there is a negative orrelation
between the intramoleular energies. This shift has no obvious signature in p (τ¯ ; r). The inset to Fig. 3 shows that,
below r/l ≈ 2.5, the radius of gyration of the system beomes approximately onstant (rg/l ≈ 2.1); further approah
does not lead to ontration of the omplex. The total energy of the system (i.e., E = Eintra + Einter) also beomes
approximately onstant with respet to r at these short separations (data not shown). This suggests inreasing
interpenetration between the two moleules, with intramoleular ontats being replaed on a one-to-one basis by
intermoleular ontats. Sine ψ(r) is also approximately onstant for r/l < 2.5, this implies that the entropy of the
system also remains approximately onstant at these separations. Strong antiorrelation of intramoleular energies,
indiated by large negative values for corr (E1, E2), shows that any swelling (loss of intramoleular ontats) of one
moleule must be mathed by an equivalent ollapse (gain in intramoleular ontats) of the other. These data are
onsistent with two interpenetrated moleules in a ollapsed, unstrutured globule state.
It is unlear why, for separations 2.5 < r/l . 4, the two moleules at like immisible droplets, whereas for r/l < 2.5,
the moleules an interpenetrate; nor is it lear why the transition between the two is so sharp.
Qualitatively similar behavior is seen when kBT/ǫ = 0.435, whih is in (and typial of) the helix 1 phase for an
isolated polymer. One again, at large separations, moleules adopt two independent, unorrelated helial strutures.
Upon loser approah, interations one again ause orrelation between the helial axis and torsions and ause
strething fores whih lead to extended helial ongurations. Closer still, orrelations and helial struture are
suddenly lost, and the system appears to form two ontating but distint unstrutured globules. Finally, interations
ause the two moleules to interpenetrate, forming a single globule, whih again is marked by a broad, at minimum
in ψ(r).
Inreasing the temperature to kBT/ǫ = 0.651, there is unexpeted behavior. This temperature is above that
of the helix 1-globule transition, and, onsequently, at large separations the moleules adopt unstrutured globule
ongurations, with no hiral symmetry breaking. However, at r/l = 6.8, there is a small disontinuity in the total
energy (not shown), and p (τ¯ ; r) hanges from a broad, unimodal distribution to a bimodal distribution. That is,
upon approah, interations between the two moleules ause hiral symmetry breaking and helix formation, at a
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Figure 6: Contour plot of the absolute mode τmax of p (τ¯ ; r, T ) for σ/l = 1.6. The positions of the globule - helix 1 and helix 1
- helix 2 transitions are marked on the right hand side. Note that non-zero τmax is not suient for hiral symmetry breaking;
see disussion in Setion II and Ref. 19.
temperature above that where helial ongurations would normally be stable. A snapshot onguration is shown in
Fig. 5(b). The harater of this pair of helies is very similar to the helies seen for the same separations at lower
temperatures (see Fig. 5(a)), with similar torsion values and orrelation in helial axes and torsions. We suggest
that attrative intermoleular interations between the globules produe a strething fore, whih has previously been
shown to stabilize helix formation.
29
As the two moleules ontinue to approah eah other, there is one again a loss
of helial struture and intermoleular orrelations to two unmixed globules, followed by interpenetration and mixing.
Finally, onsider the temperature kBT/ǫ = 1.164, whih is above that of the helix-globule transition for isolated
polymers. The torsion distribution p (τ¯ ; r) exhibits a broad, unimodal struture for all separations; this system shows
no hiral symmetry breaking, and no helix formation. There are no observed orrelations between the torsions or the
end-to-end vetors of the moleules. There is an apparent transition between separate and interpenetrated globules,
marked by a slight disontinuity in total energy, hanges in the slope of ψ(r) and the inter- and intramoleular energies,
and sudden onset of strong antiorrelations between intra-moleular energies. It is also interesting to note that the
potential of mean fore at this temperature is qualitatively similar to those for the lower temperatures; it appears
that the presene or absene of helial struture has little eet on the harater of the PMF.
A ontour plot of τ¯max as a funtion of kBT/ǫ and r is shown in Fig. 6. Note that regions of non-zero τ¯max do
not neessarily indiate helial ongurations; as pointed out in our previous work
19
for single moleules, there exists
a region just above the helix transition where p(τ¯ ) is double peaked but has a non-zero value around τ¯ = 0, and as
suh is not truly symmetry breaking. However, this ontour plot does shematially show the inrease in stability of
helial strutures at intermediate separations, as well as the loss of helial struture at lose separation.
B. σ/l = 1.9
Potential, torsion and orrelation data for the σ/l = 1.9 system are shown in Figs. 7, 8 and 9. A plot of τ¯max
against separation and temperature is shown in Fig. 10. One again, we onsider representative temperatures: this
time, kBT/ǫ = 0.651, typial of the region just above the helix 2 - globule and kBT/ǫ = 1.455, typial of higher
temperatures. We were not able to fully equilibrate the two moleules at temperatures below the helix 2 - globule
transition.
The behavior at the lower temperature kBT/ǫ = 0.651 is qualitatively similar to the situation for the σ/l = 1.6
system at kBT/ǫ = 0.651. The torsion histograms in Fig. 8(a) reveal a range of separations over whih helial
strutures are observed at temperatures higher than found for isolated moleules. This range is assoiated with a
orrelation between the torsions of the two moleules (Fig. 9(b), solid line), although this orrelation is not as strong
as that observed for the σ/l = 1.6 system. Interestingly, there is no signiant orrelation in the end-to-end bond
vetors over this range (Fig. 9(), solid line). At lose separations, the intramoleular energies of the two moleules
beome strongly antiorrelated (Fig. 9(a), solid line). This orrelation appears gradually on approah from the loss
of helial struture (at r/l ≈ 4) to a disontinuity in intramoleular and intermoleular energies (at r/l = 2.4). One
again, this separation oinides with the point at whih the radius of gyration (not shown) beomes approximately
onstant, with rg/l ≈ 2.4, and below this separation, total energy and ψ(r) (Fig. 7(a), solid line) are also independent
of r. Aside from the lak of orientational orrelation, the only other qualitative dierene is a repulsive hump in
ψ(r) at long ranges for the σ/l = 1.9 system. The maximum of this barrier (r/l = 8.25) is near to the separation
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Figure 7: Variation of thermodynami properties with moleular separation for σ/l = 1.9: (a) potential of mean fore, (b)
intramoleular interation energy, and () intermoleular interation energy. Solid lines denote kBT/ǫ = 0.651 and dotted lines
denote kBT/ǫ = 1.455.
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Figure 8: Contour plots of the estimated probability distributions p (τ¯ ; r) for σ/l = 1.9 at (a) kBT/ǫ = 0.651, and (b)
kBT/ǫ = 1.455.
at whih 〈Einter〉 beomes non-zero  this barrier is, therefore, entropi in nature, orresponding to loss of entropy
of extended ongurations. The long range of this hump suggests that suh extended ongurations are relatively
frequent ourrenes  this is to be expeted, onsidering the stiness of the σ/l = 1.9 polymer. Overall, then, the
results are onsistent with the interpretations oered for the σ/l = 1.6 system at the same temperature.
At kBT/ǫ = 1.455, there is new behavior. While the torsional behavior (Fig. 8(b)), potential of mean fore and
energies (Fig. 7, dotted line), and the torsional and end-to-end vetor orrelators (Fig. 9(b) (), dotted line) appear
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Figure 9: Intermoleular orrelations for σ/l = 1.9 between: (a) intramoleular energies, (b) onformational torsions, and ()
end-to-end bond vetors. Solid lines denote kBT/ǫ = 0.651, dotted lines denote kBT/ǫ = 1.455.
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Figure 10: Contour plot of the absolute mode τmax of p (τ¯ ; r) for σ/l = 1.9. All temperatures shown are above the helix 2 -
globule transition temperature.
similar to those seen at high temperatures for σ/l = 1.6, there are strong internal energy orrelations aross the range
2 . r . 8 (Fig. 9(a), dotted line). These orrelations are observed at temperatures up to kBT/ǫ = 2.273 - above
this, the system returns to the qualitative behavior seen for σ/l = 1.6, kBT/ǫ = 1.164. Snapshot ongurations taken
aross this range of temperature and separation do not show any remarkable ommon features; the system appears
to be exploring a large ensemble of unstrutured ongurations.
The positive intramoleular energy orrelation indiates that swelling of one polymer is assoiated with swelling
of the other. We relate this to the strething fore that we have inferred to operate between helies over a similar
range of separations. If one of the polymers is in a partiularly open (high intramoleular energy) onguration,
then it will have a larger radius. This will inrease the likelihood of interations with the other polymer; if these
interations are attrative, then the other polymer an only expand (at xed intermoleular separation). The variane
in intramoleular energies for the σ/l = 1.9 system in the globule phase is approximately double that observed for the
σ/l = 1.6 globule phase (data not shown). This indiates that the σ/l = 1.9 globule phase has muh lower internal
ohesion than the globules at smaller overlaps, whih we suggest is due the inherent stiness of the polymer, and
whih allows ross interations to produe these ross-orrelations whih are not observed for the σ/l = 1.6 system.
In summary, the behavior of the σ/l = 1.9 system is largely similar to that of the σ/l = 1.6 system, with destrution
of helial struture at short range, stabilization of helial struture at intermediate range, and an apparent transition
between separate and interpenetrated globules at very lose range. A summary of the torsional behavior of the system
is shown in Fig. 10. Two signiant dierenes in behavior our. First, strong orrelations in intramoleular energies
between the two moleules are observed in the unstrutured globule phase. We suggest that this does not our in the
σ/l = 1.6 system beause the individual globules are more internally ohesive, as indiated by lower intramoleular
energy utuations. Further, no orrelations between the end-to-end bond vetors of the helies are observed; we will
return to this point in the onlusion.
C. σ/l = 1.3
Finally, onsider square-well polymers with σ/l = 1.3. Here, we present two representative temperatures, kBT/ǫ =
0.255 and kBT/ǫ = 0.651. Single 20mers with σ/l = 1.3 do not display
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any helial struture down to a temperature
of kBT/ǫ = 0.2. Potential of mean fore and energies are shown in Fig. 11, ontour plots of p (τ¯ ; r) in Fig. 12, and
orrelations in Fig. 13.
At the lower temperature kBT/ǫ = 0.255, the behavior is similar to that seen for the σ/l = 1.6 and σ/l = 1.9 systems
at temperatures just above the helix-globule transition. At long range, there is no torsional symmetry breaking. This
ontinues on approah down to r/l = 5.65, where there is a sudden disontinuity in intramoleular and intermoleular
energies. At this separation, p(τ¯ ; r) abruptly beomes bimodal, and the torsions and end-to-end vetors beome
strongly orrelated. This behavior indiates that the helix phase is stabilized by interations between the polymers.
This stability ontinues aross the range 3.65 . r/l . 5.65. At r/l = 3.6, there is a small disontinuity in the total
energy, the torsion histogram is no longer bimodal, and the torsions and orientations of the moleules are no longer
orrelated. At loser separations, there is a gradual inrease in antiorrelation between the intramoleular energies
up to a disontinuity in intermoleular energy at r/l = 1.8. Upon loser approah, the intramoleular energies are
strongly antiorrelated, and the PMF and total system rg remain approximately onstant. This behavior is one again
interpreted as a transition from two immisible polymer globules at intermediate separation to two interpenetrating
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Figure 11: Variation of thermodynami properties with intermoleular separation for σ/l = 1.3: (a) potential of mean fore,
(b) intramoleular interation energy, and () intermoleular interation energy. Solid lines denote kBT/ǫ = 0.255, and dotted
lines denote kBT/ǫ = 0.651.
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Figure 12: Contour plots of the estimated probability distributions p (τ¯ ; r) for σ/l = 1.3 at (a) kBT/ǫ = 0.255, and (b)
kBT/ǫ = 0.651.
globules at lose separations.
At the higher temperature kBT/ǫ = 0.651, the behavior is similar to that seen for the σ/l = 1.6 and σ/l =
1.9 systems in the unstrutured globule regime. The torsions and end-to-end vetors remain unorrelated at all
separations, and the torsion histograms remain unimodal. The mixing transition between the two globules appears
at lose separation, marked by the onset of intramoleular energy orrelations. No strong intramoleular energy
orrelations are observed. The variane in the intramoleular energies is of the order of magnitude of that seen for
the σ/l = 1.6 system, whih suggests that the globules have enough internal ohesion to prevent suh orrelation.
The torsional data are summarized in Fig. 14 and are similar to the data presented in Figs. 6 and 10 for temperatures
above the helix-globule transition.
D. Summary
In summary, we have found similar behaviors for pairs of model polymers for σ/l = 1.3, 1.6 and 1.9. In eah
ase, intermediate separations between the moleules enhane helix stability, showing paired helial ongurations
at temperatures above the single moleule helix-globule transition temperature. For these separations, the paired
helies have strongly orrelated hiralities, and for σ/l = 1.3 and 1.6, are aligned end-to-end. At separations loser
than the typial helix length, however, the moleules lose heliity and adopt disordered ongurations. At separations
immediately below the typial helix length, the disordered globular ongurations of the polymers are unorrelated. As
the separation beomes approximately equal to the radius of gyration of the omplex, however, energy antiorrelations
begin to develop between the two moleules; below this separation, the radius of gyration of the omplex remains
approximately onstant. The potential of mean fore is qualitatively insensitive to σ/l, onsisting of a monotonially
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Figure 13: Intermoleular orrelations for σ/l = 1.3 between: (a) intramoleular energies, (b) onformational torsions, and ()
end-to-end bond vetors. Solid lines denote kBT/ǫ = 0.255; dotted lines denote kBT/ǫ = 0.651.
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Figure 14: Contour plot of the absolute mode τmax of p (τ¯ ; r) for σ/l = 1.6.
dereasing ramp from the initial onset of interations at large separations, down to the separation at whih energy
orrelations begin to our between globules. Below this separation, the PMF remains approximately onstant in a
broad, at minimum to zero separation. For the temperatures at whih helial ongurations are observed, the PMF's
are all strongly attrative, as evidened by very large negative values for the seond virial oeient B2, shown in
Fig. 15.
We suggest that the stabilization of helial struture at moderate separation ours beause attrative interations
between the two moleules exert a strething fore. Strething fores have been shown to stabilize helix formation
in other simple helix-forming models.
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Correlation in hirality and helial axis an be seen as a onsequene of
0 1 2 3 4 5βε
0
50
100
150
200
250
300
lo
g(-
B 2
/l3
)
σ/l = 1.3
σ/l = 1.6
σ/l = 1.9
Figure 15: Log-reiproal plot of minus the seond virial oeient, −B2/l
3
against temperature, kBT/ǫ for the three values
of σ/l studied. Errors are smaller than symbol size.
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energy minimization. By sampling fae-to-fae ongurations, ontats between helies are possible at intermediate
separation; by having the same hiralities, the math-up between the faes, and hene the number of ontats, is
maximized. For σ/l = 1.9, there is no signiant axial alignment, but there is a strong orrelation in hirality between
helies. This suggests that fae-to-fae interations are strong enough to promote idential hirality between moleules
even when suh interations are not strong enough to hold the two polymers in axial alignment.
IV. CONCLUSIONS
The observed behaviors are similar to those seen in simulations of helial homopolypeptides
6
up to the separation
at whih helial struture is lost. Upon lose approah, simulated homopolypeptides are observed to swith to parallel
paired helial ongurations, whereas for the simple model presented here, the system prefers to ollapse into an
unstrutured globule. The helial strutures whih the system exhibits are simply not stable enough to overome the
free energy to be gained by formation of the ollapsed struture.
One may therefore ask how the helix an be stabilized against the ollapsed, disordered globule. We onsider that
the Θ-point of a polymer (the temperature at whih B2 = 0) is related to the gas-liquid transition in a bulk system.
The Θ-point is also the temperature below whih a single polymer will begin to ollapse from an extended, disordered
oil state (analogous to a gas) to a ollapsed, disordered globule state (analogous to a liquid). If we hypothesize that
the helial onguration is analogous to a bulk rystalline phase for the polymer model (sine it is an ordered state
whih must be reahed through a rst-order transition), then we an onsider methods by whih the rystalline phase
may be stabilized against the liquid phase. It has been shown
30,31
that, for bulk systems of partiles interating via
a simple, isotropi potential, dereasing the range of the attrative part of the potential an derease the stability of
the liquid phase to the point of leaving the liquid-gas ritial point metastable with respet to the rystal phase. In
analogy, we suggest that by dereasing λ in Eq. (1), we may depress the Θ-point of the system without depressing the
helix transition temperature, so that the stability of the dense globule may derease to the point that the observed
ollapse may not our, giving results loser to those from simulations of homopolypeptides.
This suggestion may have a basis in the hemistry of real homopolypeptides. The strongest interation present for
these moleules is likely to be hydrogen bonding between segments of the peptide bakbone. This hydrogen bonding
is very strongly anisotropi, ourring for only a small range of orientational alignments between peptide segments. It
has been shown that for bulk systems interating via simple anisotropi potentials, dereasing the range of orientations
over whih interations an our depresses the temperature of the liquid-gas ritial point.
32
We also observe that moderate proximity between pairs of square well homopolymers an promote the stability of
helial strutures. We have suggested that this may be linked to the stabilization of helial struture upon strething
of a single moleule, observed for other simple helix-forming models.
29
For pairs of moleules, this stabilization is not
enough to prevent ollapse into an unstrutured globule. Experimentally, helix forming proteins aggregate to form
ordered strutures with moleules in aligned, extended ongurations. Sine suh ongurations are not seen for this
model nor for simulations using pairs of more detailed model peptides,
6
it seems that they must be stabilized by three
or more body interations between moleules. This suggests that bulk simulations using the model presented here
may be useful.
In onlusion, we have shown that interations between pairs of square well homopolymers an promote helix
stability, while at lose proximity, interations ause ollapse from paired helies to a single disordered globule. We
have further suggested a modiation to the model (a redution in the range of the attrative part of the potential)
whih may stabilize the helix phase against suh ollapse, in order to provide better qualitative agreement with
simulations of pairs of helix forming homopolypeptides. Finally, we have suggested that the reason for the formation
of amyloid aggregate strutures may lie in many-body interations between moleules. These results underline the
need for a better understanding of the underlying nature of the helix-disordered globule transition, in order to gain
an understanding of how interations between moleules an inrease or derease the relative stabilities of the various
strutures.
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